Broadband InGaAs-capped InAs/GaAs quantum-dot infrared photodetector with Bi-modal dot height distributions J. Appl. Phys. 112, 034508 (2012) The influence of an additional InGaAs-capped layer on the performance of InAs/GaAs quantum-dot infrared photodetectors ͑QDIPs͒ is investigated. For the device with a 15% InGaAs-capped layer, a significant response at 7.9 m is observed for the QDIP device. The results suggest that with the additional InGaAs-capped layer, the detection wavelengths of the InAs/GaAs QDIPs could be shifted to a longer-wavelength infrared range. A further increase in the In composition will not help to obtain an even longer-wavelength detection, which is attributed to the cancellation of a lower InGaAs state, and InAs-QD bandgap shrinkage resulted from the relaxed compressive strains of the InGaAs layer with a higher In composition.
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I. INTRODUCTION
For the past few decades, lots of efforts have been devoted to the development of quantum-dot infrared photodetectors ͑QDIPs͒. [1] [2] [3] [4] QDIPs with high responsivities and high operation temperatures have been reported by inserting AlGaAs barrier layers in the device structures to suppress dark currents. [1] [2] [3] The effects of QD doping density on the operation voltage and normal-incident absorption of the QDIPs have been also reported. 4 Tang et al. 5 demonstrated the thermal images taken by a 256ϫ 256 grating-less QDIP focalplanar array ͑FPA͒ operated at 135 K. However, for most QDIPs, the detection wavelengths are limited to the midwavelength infrared ͑3-5 m͒ range. To improve this disadvantage, reports regarding the InAs QDs embedded in InGaAs quantum-well structures ͑DWELL͒ have been proposed. [6] [7] [8] [9] The fabricated devices have exhibited longwavelength infrared ͑LWIR͒ detection ͑8-12 m͒. Largeformat FPAs based on the devices have been also fabricated, which have demonstrated the superior wafer uniformity of the DWELL samples over the QDIP samples.
However, for such devices, an additional InGaAs layer prior to the QD growth is always required to achieve devices with longer detection wavelengths. 10 With the more complicated structures, device parameter optimization such as underlying InGaAs thickness and growth conditions would be required for high device performances and long detection wavelengths. In this report, we investigate the influence of an additional InGaAs-capped layer on the performance of InAs/ GaAs QDIPs. As compared to the devices without an InGaAs-capped layer, the QDIPs with an 8 nm In 0.1 Ga 0.9 As-capped layer exhibit an additional response at 8.4 m. The phenomenon is attributed to the additional transition mechanism from the QD second excited state to the InGaAs ground state. As the In composition of In x Ga 1−x As-capped layer increases to 15% in the InGaAscapped layer, a significant response at 7.9 m can be observed for the device.
II. EXPERIMENTS
The samples investigated in this paper were grown on ͑100͒-oriented semi-insulating GaAs substrates by using Riber Compact 21 solid-source molecular beam epitaxy system. One standard InAs/GaAs QDIP and two InGaAs-capped QDIPs with different In compositions were prepared. The device structure parameters are shown in Table I . For all the samples, 600 and 300 nm GaAs layers with n =2 ϫ 10 18 cm −3 were grown as the bottom and top contact layers, respectively. The standard QDIP, which is referred to as sample A, consists of ten-period 2. and wet chemical etching were adopted to fabricate the devices with 100ϫ 100 m 2 mesas. Measured under an edgecoupling scheme, the positive and negative biases of the measurements were defined according to the voltages applied to the top contact of the devices. The measurement system for spectral response consisted of a Perkin Elmer Spectrum 100 Fourier transformation infrared spectroscopy coupling with a Janis cryostat and a current preamplifier. The currentvoltage ͑I-V͒ characteristics were measured by using the Keithley 236 source measure unit. 4 
III. RESULTS AND DISCUSSIONS
The normalized 10 K photoluminescence ͑PL͒ spectra of the three samples are shown in Fig. 1 . The three samples show a dominant peak at 1.121, 1.091, and 1.053 eV, respectively. A redshift of PL peak wavelength is observed with increasing In composition. Bandgap shrinkage is observed for the InAs QDs with InGaAs-capped layers. 11 It suggests that the compressive strain in the InAs QDs is gradually relaxed with increasing In composition in the capped layer. Also observed are both the transitions from the ground state and first excited state to the valence band for the three samples. The phenomenon is attributed to the state-filling effect of the QD structure, which suggests the consistent and high crystalline quality is obtained for the three samples.
The normalized 10 K spectral responses of device A biased at 1.2 V and device B biased at 2.6 V are shown in Fig.  2͑a͒ . Besides the peaks at ϳ6 m, an additional response at 8.4 m is observed for device B. According to our previous report, the dominant transition mechanism in the InAs/GaAs QDIPs is from the QD first excited state ͑E QD,1 ͒ to the wetting-layer state ͑E WL ͒ transition. 12 It is possible that the additional 8.4 m response resulted from the QD excited states to the quantum-well ͑QW͒ ground state of the InGaAscapped layer. To further investigate the attribution, the 10 K photoluminescence excitation ͑PLE͒ spectrum of sample B is shown in Fig. 2͑b͒ . As shown in this figure, besides the QD first excited state E QD,1 , QD second excited state E QD,2 , and the WL state E WL , an additional peak corresponding to the QW ground state in the InGaAs layer E InGaAs is observed at 1.39 eV. The energy difference between the QD second excited state E QD,2 and E InGaAs is 0.148 eV ͑8.37 m͒, which is consistent with the observation of the additional response peak at 8.4 m for device B. The results suggest that with the additional InGaAs-capped layer, besides the original E QD,1 -E WL transition, an additional E QD,2 -E InGaAs transition can be observed for device B.
The normalized 10 K spectra of devices B and C biased at 2.6 V are shown in Fig. 3 . The significant response at around 7.9 m is observed for device C. From the previous description, the main transition mechanism of the InGaAscapped QDIP should be resulted from the E QD,2 -E InGaAs transition. Therefore, with increasing the In composition in the capped layer, the InGaAs state with a lower energy is expected. In that case, longer detection wavelengths should be also observed for device C. However, an even shorter detection wavelength is observed for the device. It is attributed to the compressive-strain relaxation of the InAs QDs at the presence of the InGaAs-capped layers. For device C with a higher In composition in the capped layer, the compressive strain in the QDs would be relaxed to a larger extent such that a larger bandgap shrinkage of the InAs QDs would be observed. The phenomenon is also observed in the PL spectra of the three samples, as shown in Fig. 1 . In this case, although a lower E InGaAs state is observed due to the higher In compositions, the QD bandgap shrinkage would also result in the lower QD confinement states such that a shorter detection wavelength is observed for device C. The results suggest that for InGaAs-capped QDIPs, there is a trade off between E InGaAs state lowering, and bandgap shrinkage resulted from the relaxed strains to achieve the long detection wavelengths at Ͼ8 m.
The other unique characteristic of QDIPs is their insensitivity for incident-light polarizations. The photocurrent ratios of devices A and C biased at Ϫ1.0 and Ϫ1.4 V under different incident-light polarizations are shown in Fig. 4 . To perform this measurement, a polarizer was placed between the infrared light source and the detector. 4 Incident-light polarization changing from transverse-magnetic to transverseelectric ͑TE͒ modes are denoted as from 0°to 90°in Fig. 4 . In this case, the TE-mode incident light is referred as the normal-incident light. Similar normal-incident absorptions of ϳ70% are observed for devices A and C. The results reveal that with the additional InGaAs-capped layer, the detection wavelengths could be pushed to the LWIR range, and the unique characteristic of normal-incident absorption of QDIPs could still be maintained. The phenomenon is advantageous for the development of QDIPs operated in the LWIR range by using the InGaAs-capped QD structures.
IV. CONCLUSIONS
In conclusion, we have demonstrated the influence of an additional InGaAs-capped layer on the performance of InAs/ GaAs QDIPs. As compared to the device without the InGaAs-capped layer, an additional response at 8.4 m can be observed for the device with an 8 nm In 0.1 Ga 0.9 As-capped layer. With increasing the In composition up to 15% in the InGaAs-capped layer, a significant response at 7.9 m is observed for the device. The results reveal that a further increase in In composition will not help to obtain an even longer-wavelength detection. The phenomenon is attributed to the cancellation of the lower InGaAs state, and InAs-QD bandgap shrinkage resulted from the relaxed compressive strains of the InGaAs layer with a higher In composition. Similar normal-incident absorptions observed for the devices are advantageous for the QDIPs in the LWIR range by using the InGaAs-capped QD structures. 
